The biosynthetic gene cluster for the enediyne antitumor antibiotic maduropeptin (MDP) from Actinomadura madurae ATCC 39144 was cloned and sequenced. Cloning of the mdp gene cluster was confirmed by heterologous complementation of enediyne polyketide synthase (PKS) mutants from the C-1027 producer Streptomyces globisporus and the neocarzinostatin producer Streptomyces carzinostaticus using the MDP enediyne PKS and associated genes. Furthermore, MDP was produced, and its apoprotein was isolated and N-terminal sequenced; the encoding gene, mdpA, was found to reside within the cluster. The biosynthesis of MDP is highlighted by two iterative type I PKSs s the enediyne PKS and a 6-methylsalicylic acid PKS; generation of (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid derived from L-R-tyrosine; a unique type of enediyne apoprotein; and a convergent biosynthetic approach to the final MDP chromophore. The results demonstrate a platform for engineering new enediynes by combinatorial biosynthesis and establish a unified paradigm for the biosynthesis of enediyne polyketides.
Introduction
Maduropeptin (MDP) from Actinonomadura madurae ATCC 39144 belongs to the enediyne family of antitumor antibiotics. [1] [2] [3] [4] Similar to all chromoprotein enediynes, which include C-1027 5 and neocarzinostatin (NCS), 6 MDP is isolated as a noncovalent complex consisting of an apoprotein and a reactive ninemembered enediyne chromophore (Figure 1 ). Upon release from the apoprotein, the enediyne chromophore can undergo a rearrangement to form a benzenoid diradical species that can abstract hydrogen atoms from DNA to initiate a cascade leading to DNA breaks, ultimately leading to cell death. 7, 8 While this mode of action has attracted interest in using the enediynes for cancer treatment, high cytotoxicity has delayed the application of enediynes as therapeutic agents. 9 However, the development of NCS conjugates with poly(styrene-co-maleic acid) or its various alkyl esters 10 and a monoclonal-antibody derivative of the 10-membered enediyne calicheamicin (CAL) 11 under the trade name Mylotarg have alleviated toxicity allowing the drugs to reach the markets in Japan and the USA, respectively, providing the inspiration that the engineering and discovery of new enediynes will facilitate anticancer drug development.
The central feature of the enediyne chromophores is their exotic 9-or 10-membered ring structure consisting of a characteristic diyne conjugated to a double bond, otherwise referred to as the enediyne core. The majority of the ninemembered enediyne chromophores, like NCS, 12 C-1027, 13 and MDP (Figure 1 ), contain additional structural features that enhance the chemistry, which in turn modulates the biological activity. The MDP chromophore, the structure of which was solved in 1994, 14 also contains a 3,6-dimethylsalicylic acid moiety, an aminosugar previously named madurose, and an (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid moiety. Similar to NCS and C-1027, MDP is isolated as a chromoprotein complex, although a new method had to be † Division of Pharmaceutical Sciences. ‡ University of Wisconsin National Cooperative Drug Discovery Group. § Department of Chemistry.
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Barton, D., Nakanishi, K., Meth-Cohn, O., Eds.; Elsevier: New York, 1999; pp 533-592. developed to release the chromophore from the apoprotein for structural characterization. 15 Furthermore, the MDP apoprotein was deemed a new type of enediyne apoprotein with no homology to CagA 6 or NcsA, 5 the C-1027 and NCS apoproteins, respectively, although only the approximate amino acid composition, and not the primary sequence, was reported. 16 The socalled histone-specific proteolytic activity of the apoproteins for the chromoprotein enediynes, which included the MDP apoprotein, 17 has now been generally accepted as an artifact that resulted from adventitious proteases contaminating the apoprotein or chromoprotein preparation. [17] [18] [19] [20] The 9-membered NCS or 10-membered CAL enediyne chromophores require an external trigger, such as a base or reducing agent, respectively, to initiate an electronic rearrangement to form the benzenoid diradical species (via a Bergman or Myers rearrangement), which in turn abstracts hydrogen atoms from the deoxyribose of DNA, leading to the eventual DNA damage. 10 In contrast, the MDP enediyne chromophore, like that of C-1027, is relatively unstable, and attempts to isolate the nascent MDP enediyne chromophore were unsuccessful. 14 Instead, a C5-methoxy adduct was structurally elucidated, along with the aromatized product ( Figure 2B ). Comparisons of these structures and computational modeling led to a proposal where the MDP-OCH 3 adduct, hypothesized to be an artifact of the purification process, is first reconverted to MDP by intramolecular ring contraction to form the aziridine, while simultaneously eliminating methanol via double bond migration and anti-elimination. The conjugated diyne form of MDP is now primed to undergo Bergman rearrangement, leading to formation of the benzenoid diradical intermediate that, upon coupling with hydrogen atoms, results in the aromatized product. This proposal was in part substantiated upon chemical synthesis of a MDP-OCH 3 adduct mimic, which verified that the exocyclic C4-C13 double bond is labile to rearrangement, resulting in the characteristic aziridine moiety of MDP. 21 Concurrent with our studies regarding the chromoproteins C-1027 22 and NCS, 23 we chose to clone and sequence the mdp biosynthetic gene cluster to facilitate biosynthetic studies of the enediynes, to establish the apoprotein sequence for MDP, and to solidify the unifying paradigm for enediyne biogenesis. 24, 25 In this paper, we report the identification of the MDP biosynthetic gene cluster from A. madurae ATCC 39144 and propose a convergent biosynthetic pathway leading to the MDP chromophore by sequence analysis of the open reading frames (ORFs) and comparisons to the other cloned enediyne gene clusters, C-1027, 22 . Sequence analysis was carried out using BLASTN available from NCBI, and contiguous DNA was compiled using Lasergene (DNASTAR Inc., Madison, WI). ORFs were predicted using ORFinder from NCBI, and protein sequences were analyzed using PSI-BLAST (NCBI), SignalP, and Vector NTI (Invitrogen). Protein sequence identity and similarity were calculated using the Vector NTI program AlignX. Biochemicals, Chemicals, and Media. Biochemicals, chemicals, media, and other molecular biology reagents were from standard commercial sources and used without further purification.
Cosmid DNA Library Construction. Recombinant DNA manipulations in E. coli 28 and Streptomyces 29 were carried out following standard protocols. The general procedure for cloning the enediyne PKS gene and associated ORFs was previously described. 25 A 3.5 kb-DNA fragment covering most of mdpE5/E4/E3 was PCR amplified from total genomic DNA using Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA). Reactions were performed following the manufacturer's protocol with 5% DMSO added, an annealing temperature of 62°C for 30 s, and the following primers: (forward) 5′-GGMTTCCACCAG-GCGTACTTC-3′/(reverse) 5′-SCCGARRTTCGASGGGTTCAT-3′, where M ) A or C; S ) C or G; and R ) A or G. The DNA fragment was inserted into pGEM-T Easy following the provided protocol to yield pBS10001. After confirmation of the insert by DNA sequencing, pBS10001 was digested with PstI to yield a 1.2-kb fragment (one PstI site was within the MCS of pGEM-T Easy, and the other, within mdpE4), which was used to prepare a DIG-labeled probe (Probe-1) following the provided instructions (Roche) ( Figure 3A) .
A cosmid library was constructed by partially digesting A. madurae ATCC 39144 chromosomal DNA with Sau3A1 followed by dephosphorylation with calf intestinal phosphatase. A modified version of SuperCos1 was prepared by digestion with Eco47III and religation to eliminate the kanamycin resistance gene to yield SuperKos as described previously. 31 After an overnight ligation at 16°C, the mixture was packaged using Gigapack III XL and used to transfect E. coli XL1 Blue MR cells following the instructions provided (Stratagene). Colony hybridization was performed using Probe-1 with Hybond-N from Amersham Bioschences (Piscataway, NJ). Ten clones that hybridized with Probe-1 were chosen, and the cosmids were isolated and their inserts were end-sequenced using the primers (forward) 5′-GG-GAATAAGGGCGACACGG-3′ and (reverse) 5′-GCTTATCGAT-GATAAGCGGTC-3′ to determine the best candidate for complete sequencing.
A single cosmid (pBS10002) was identified to harbor DNA regions encoding the enediyne PKS 24 and a second, distinct PKS ( Figure 3A ) and was used to generate a shotgun library for complete DNA sequence determination. The resultant DNA sequences were compiled and assembled into contigs, and gaps were filled in by primer walking or by subcloning fragments covering the gaps into pGEM-3zf(+) and subsequently sequencing the cloned fragments using the M13 universal primers.
After complete sequencing of pBS10002, a second probe (Probe-2) was prepared using PCR amplification with pBS1002 as a template and the following primers: (forward) 5′-GGTGCTGCTGACCACCT-TCC-3′/(reverse) 5′-CGACGTCCACCGTGACGACGACC-3′ to give a 1.5-kb fragment near the upstream end of pBS1002 ( Figure 3A ) and used to rescreen the A. madurae cosmid library. Cosmid pBS10003 was chosen as the best candidate to contain the most upstream boundary on the basis of end-sequencing of the DNA insert. Alternatively, pBS1004, which hybridized with Probe-1, was chosen to likely contain the downstream boundary based on end-sequencing of the DNA insert. The final DNA sequence of the entire mdp cluster was obtained by chromosomal walking from pBS10002 directly into pBS10003 and pBS10004, combined with subcloning of selected fragments from pBS10003 and pBS10004 into pGEM-3zf(+) and sequencing using M13 universal primers.
Culturing of A. madurae ATCC 39144. The culture conditions of A. madurae ATCC 39144 for genomic DNA isolation were previously Table 1. described. 24 A. madurae spores were isolated according to standard procedures upon culturing on ISP4 plates at 28°C for 5-7 days.
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Production and isolation of the MDP chromoprotein complex were essentially the same as thoe described previously. 14,15 Purification of the MDP chromophore from the chromoprotein was carried out according to the literature procedure, 14 and the resultant MDP chromophore was subjected to atmospheric pressure chemical ionizationmass spectrometry (APCI-MS) analysis using an Agilent 1100 LC-MSD mass spectrometer (Agilent Technologies, Palo Alto, CA) with a Phenomenex Luna C18 column (5 µ, 4.6 mm × 100 mm) (Torrance, CA) and an isocratic mobile phase of 80% methanol in water at 1 mL/ min. Heterologous Complementation. To construct the mdp enediyne PKS gene cassette expression vector pBS10005, a 9.5-kb PstI-BamHI fragment, containing the mdpE5, mdpE, mdpE10, and mdpE6 genes, was recovered from pBS10004 and cloned into the same sites of pANT841 to yield pBS10006. This cassette was then isolated as a 9.5-kb HindIII-BamHI fragment from pBS10006 and coligated with a 0.45-kb EcoRI-HindIII fragment of the ErmE* promoter from pWHM79 into the BamHI and EcoRI sites of pSET152 to yield pBS10005.
To cross-complement the sgcE:ermE mutation in S. globisporus with mdpE, pBS10005 was introduced into S. globisporus SB1005 22 by intergenetic conjugation according to the previously described procedure with pBS1019 similarly introduced as a positive control. 22 To crosscomplement the ncsE:ermE mutation in S. carzinstaticus with mdpE, pBS10005 was introduced into S. carzinostaticus SB5002 23 by PEGmediated protoplast transformation as described previously with pBS5020 similarly introduced as a positive control. 23 The resultant recombinant strains S. globisporus SB1011 [i.e., SB1005 (pBS10005)] and SB1010 [i.e., SB1005 (pBS1019)] were cultured and analyzed for C-1027 production by HPLC analysis as described previously 22 with the S. globisporus wild-type strain as a control ( Figure 7A ). C-1027 production was confirmed by matrix-assisted laser desorption ionizationmass spectrometry ( Isolation of the MDP Apoprotein from A. madurae ATCC 39144 and Confirmation of Its Identity as MdpA. The MDP apoprotein MdpA was purified from A. madurae ATCC 31944 following the described procedure except for the inclusion of 5 mM EDTA in all solutions. 15 After binding to DEAE cellulose anion exchange resin, the MDP chromoprotein complex was eluted with 50 mM Tris-HCl, pH 8.0, containing 0.5 M NaCl, and the resultant chromoprotein complex was precipitated by addition of (NH 4)2SO4 to 70% saturation. After centrifugation at 30 000 × g at 4°C for 30 min, the pellet was collected, resuspended in 50 mM HEPES, pH 7.5, with 5 mM EDTA, and dialyzed overnight in the same buffer. The MDP chromoprotein complex was further purified using anion exchange chromatography as described except a 5 mL HiTrapQ column (GE Healthcare; Piscataway, NJ) was used to substitute for the TSK Gel DEAE 3SW column. 16 The fractions were analyzed by SDS-PAGE and native PAGE with 15% acrylamide and visualized using nondestructive silver staining. 32 The gel was soaked with gentle agitation for 24 h increments in H2O, acetic acid/MeOH/H2O (10:30:60, v/v), acetic acid/H2O (10: 90, v/v), and H2O. The protein band was electroeluted onto Hybond-P (GE Healthcare) and sequenced at Tufts University Core Facility (Boston, MA). The first 12 amino acid residues of the purified apoprotein were determined as DTVTVNYDXVGY using automated Edman Degradation. The residue "X" is predicted to be a cysteine based on the encoding DNA sequence and was not detected by N-terminal sequencing.
Cloning of mdpC4 and mdpC1 for E. coli Expression. The genes for mdpC4 and mdpC1 were amplified by PCR using Expand Long Template PCR System from Roche (Indianapolis, IN) with 1X supplied buffer, 250 µM dNTPs, 5% DMSO, 20 ng pBS10002, 5 U DNA polymerase, and 15 µM each of the following primer pairs: mdpC4 (forward) 5′-GGTATTGAGGGTCGCATGAAGGTGACTCAGACC-GAG-3′/(reverse) 5′-AGAGGAGAGTTAGAGCCTCAGCGCAGCTC-GACGCC-3′; and mdpC1 (forward) 5′-GGTATTGAGGGTCGCAT-GACTGCGATCGGAACGGC-3′/(reverse) 5′-AGAGGAGAGTTA-GAGCCTCACCTTCACTCCGATCGCTC-3′. The PCR program included an initial hold at 96°C for 2 min, followed by 30 cycles of 96°C for 10 s, 56°C for 30 s, and 68°C for 40 s per kb of desired product. The gel-purified PCR product was inserted into pET-30 Xa/ LIC using ligation-independent cloning as described by Novagen (Madison, WI), affording pBS10007 (for mdpC4) and pBS10008 (for mdpC1), and sequenced to confirm PCR fidelity.
Subcloning of mdpC4 and mdpC1 for Streptomyces liWidans Expression. Plasmids pBS10007 and pBS10008 were digested with NdeI-EcoRI, and the 1.7-kb (mdpC4) and 3.5-kb (mdpC1) DNA fragments were purified and ligated to the identical sites of pUW201PW to give pBS10009 and pBS10010, respectively. Plasmids were transformed into S. liVidans TK-64 by PEG mediated protoplast transformation following standard procedure. After 16 h, the transformation plates were overlaid with 1 mL of water supplemented with 50 µg/mL thiostrepton. Single colonies were picked 3 days after overlay and transferred to a fresh R2YE-agar plate containing 50 µg/mL thiostrepton for a second round of antibiotic selection. For protein production, a loopful of mycelium was inoculated into 5 mL of liquid R2YE medium supplemented with 25 µg/mL thiostrepton and grown for 2 days at 28°C. After homogenizing the mycelia, 1 mL was used to inoculate 50 mL of liquid R2YE medium in a 250-mL baffled flask containing 4 g of glass beads and 25 µg/mL thiostrepton, and the resulting culture was incubated at 28°C for 3 days at 250 rpm prior to harvesting.
Purification of His 6-MdpC4 from S. liWidans (pBS1007) and His6-MdpC1 from S. liWidans (pBS1008). Cells were resuspended in 100 mM Tris-HCl, pH 8.0, 300 mM KCl, and 5 mM -mecraptoethanol and lysed using a French Press with 2 passes at 15 000 psi. After centrifugation, the supernatant was loaded onto a column containing Ni-NTA agarose, and the proteins were purified as described by Qiagen (Valencia, CA) using a 20 mM imidazole wash and elution buffer containing 250 mM imidazole. Protein was desalted into 20 mM TrisHCl, pH 8, and 0.5 mM DTT using PD-10 columns (GE Healthcare) and stored as 50% glycerol stocks at -20°C. A dominant band corresponding to the expected molecular weight of MdpC4 (63 kD) and MdpC1 (122 kD) was detected using 10% SDS-PAGE.
Activity of His 6-MdpC4 and His6-MdpC1. Activity assays for MdpC1 were performed and analyzed as described for SgcC1. 54, 55 Activity assays for MdpC4 were performed as described for SgcC4, 51, 52 and the reactions were analyzed using C18 reversed-phase HPLC with an analytical Apollo C18 column (250 mm × 4.6 mm, 5 µ; Grace Davison, Deerfield, IL). A series of linear gradients was developed from 0.1% trichloroacetic acid in 10% acetonitrile (A) to 0.1% trichloroacetic acid in 90% acetonitrile (B) in the following manner (beginning time and ending time with linear increase to % B): 0-2 min, 5% B; 2-19 min, 50% B; 19-24 min, 100% B; 24-32 min, 100% B; and 32-35 min, 5% B. The flow rate was kept constant at 1.0 mL/min, and elution was monitored at 280 nm. Peaks corresponding to L-R-tyrosine and (S)--tyrosine were identified by comparison to authentic standards (Sigma-Aldrich, St. Louis, MO and Peptech Corporation, Burlington, MA, respectively) and with comparisons to SgcC4 activity assays.
Results
Cloning, Sequencing, and Organization of the mdp Gene Cluster. Degenerate primers designed according to conserved regions found in the known NCS, C-1027, and CAL enediyne PKS and the associated upstream ORF were used to amplify the MDP enediyne PKS gene fragment from A. madurae ATCC 39144 genomic DNA. 24 The amplified fragment, exemplified by Probe-1 containing portions of mdpE and mdpE5 ( Figure  3A) , was subsequently used to screen a cosmid library of A. madurae, with several cosmids resulting in positive hits from Southern hybridization. Of the positive clones, a single cosmid pBS10002 was chosen because end-sequencing of the DNA insert revealed sequences whose deduced gene products, MdpB at one end and MdpE2 at the other end, showed similarities to the chlorothricin 6-methylsalicylic acid synthase (an iterative type I PKS) 43 and an unknown protein associated with all known enediyne PKSs, respectively ( Figure 3A) . pBS10002 was fully sequenced by a shotgun approach, and the primary sequence of the DNA insert was reconstructed. Analysis of the potential ORFs revealed numerous gene products with a similarity to proteins contained within the C-1027 22 and NCS 23 gene clusters. A second cosmid, pBS10003, was subsequently identified using Probe-2 from pBS10002 to rescreen the A. madurea cosmid library to obtain the upstream boundary, and a third cosmid (pBS10004) hybridizing to Probe-1 was chosen to complete the downstream boundary. Together the three overlapping cosmids cover 85 kb of contiguous DNA encompassing the entire mdp gene cluster ( Figure 3A) .
Functional Assignments of Genes within the mdp Cluster. The mdp gene cluster consists of minimally 42 orfs spanning a 52-kb contiguous DNA region responsible for biosynthesis, resistance, and transport of the MDP chromoprotein complex ( Figure 3B and Table 1 ). Sequence analysis by BLAST comparison of gene products within the mdp cluster provided functional assignments that are consistent with five ORFs (MdpA1 through MdpA5) responsible for aminosugar production, three ORFs (MdpB through MdpB2) for 3,6-dimethylsalicylyl-CoA biosynthesis, eight ORFs (MdpC through MdpC8, excluding MdpC5) for (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid production, twelve ORFs (MdpE through MdpE11) for production of the enediyne core, three ORFs (MdpA6, MdpB3, and MdpC5) for the final convergence of the four building blocks into the MDP chromophore, and five ORFs (MdpR1 through MdpR4) responsible for transport, regulation, and resistance, including one putative ORF (MdpA) containing the expected amino acid composition for the MDP apoprotein. The DNA sequence of the entire cluster, including predicted genes and functional assignments for the gene products, has been deposited in GenBank under accession number AY271660.
The mdp Cluster Boundaries and Unassigned Gene Products. The mdp gene cluster is proposed to start at mdpA1 and conclude at mdpE2 (Table 1 ). The orfs upstream of mdpA1 have gene products predicted to be involved in cell membrane biogenesis or possibly secondary metabolism of a distinct natural product, and the orfs downstream of mdpE2 have gene products with similarities to enzymes involved in ATP biosynthesis. Furthermore, the gene products of mdpA1 and mdpE2 also represent the furthest upstream and downstream sequence homologues with respect to the C-1027, 22 NCS, 23 or CAL 27 gene clusters, although orfs outside the proposed boundary cannot be discounted precluding the development of a genetic system for A. madurae. Within the gene cluster, two P-450 oxidoreductases (MdpU1 and MdpU3) and an unknown protein MdpU2 that form a putative operon have not been assigned specific functions with respect to MDP biosynthesis. However, these ORFs are likely involved in aziridine formation to further process the enediyne core.
Resistance, Regulation, and Transport. Four genes (mdpR1 through mdpR4) are predicted to be involved in resistance, regulation, and transport. Three of the four gene products, MdpR1, MdpR2, and MdpR3, have homologues within the C-1027 22 and NCS 23 gene clusters. MdpR1 has sequence homology to the StrR family of regulatory proteins, 33 and MdpR2, to the large family of AraC-type transcriptional regulatory proteins. 34 MdpR3 is homologous to Pur8, which is a transmembrane protein that, when expressed in S. liVidans, was implicated in late stage efflux of the antibiotic puromycin. 35, 36 MdpR4 has sequence similarity to conserved hypothetical proteins involved in DNA alkylation repair, although all of these protein homologues have putative assignments that are not based on definitive functions.
The MDP Apoprotein MdpA. Bioinformatics analysis of the mdp gene cluster revealed a single gene product, MdpA, had characteristics of the MDP apoprotein, 16 including no homology to CagA 5 or NcsA, 6 a predicted leader peptide of 34 amino acids; no Y, H, R, and K residues in the mature protein; and a low isoelectric point (predicted pI of 3.7 with and 3.0 without the leader peptide). The mdpA gene is translated as a 166-amino acid protein, and SignalP analysis predicted a leader peptide that is cleaved between A32 and D33, resulting in a 133 amino acid protein with a predicted molecular weight of 12 928 Da and having no significant similarities to any protein deposited at NCBI.
The genuine identity of the MDP apoprotein was elucidated by fermentation of the A. madurae ATCC 39144 strain, isolation of the MDP chromoprotein complex as described previously using a bioassay against Micrococcus luteus as guidance, 15 and direct characterization of the MDP chromoprotein complex. Thus, a portion of the purified MDP chromoprotein complex was extracted with methanol-ethyl acetate (1:1 ratio), and the resultant MDP chromophore was subjected to APCI-MS analysis yielding a pair of [ onto a PVDF membrane for N-terminal sequencing using standard Edman degradation (Figure 2A ). The N-terminal sequence of the first 12 residues matched that of the predicted mature protein, confirming MdpA as the elusive MDP apoprotein and simultaneously providing the first evidence that the mdp gene cluster was localized and cloned. Aminosugar Biosynthesis. The biosynthesis of the aminosugar of MDP consists of five enzymatic steps beginning from D-glucose-1-phosphate prior to attachment to the enediyne core (Table 1 and Figure 4A ). MdpA1 is highly homologous to SgcA1, a biochemically characterized R-D-glucopyranosyl-1-phosphate thymidyltransferase, and catalyzes the formation of TDP-glucose. 37 MdpA2, similar to the family of UDP-glucose dehydrogenases that includes Pseudomonas aeruginose AlgD, catalyzes the net four-electron oxidation of TDP-glucose to form TDP-glucuronic acid. 38 MdpA3 is similar to the family of UDPglucuronic acid decarboxylases and catalyzes oxidative decarboxylation of TDP-glucuronic acid to form thymidyl 5′--Lthreo-pentapyranosyl-4′′-ulose diphosphate. 39, 40 MdpA4 is homologous to a C-methyltransferase family that includes McmC and TylC3, which are necessary for mycarose biosynthesis in mithramycin from Streptomyces argillaceus and tylosin from Streptomyces fradiae, respectively. 41 Therefore, MdpA4 catalyzes the incorporation of a methyl group from S-adenosylmethionine (SAM) with concomitant hydroxyl epimerization to form thymidyl 5′-3-methyl-R-D-erythro-pentapyranosyl-4′′-ulose diphosphate. Finally, MdpA5, similar to Salmonella typhimurium ArnB implicated in lipid A biosynthesis, 42 catalyzes a transamination leading to TDP-4-amino-4-deoxy-3-methyl--D-ribose. 3,6-Dimethylsalicylyl-CoA Biosynthesis. Three genes, mdpB through mdpB2, were identified within the mdp gene cluster that encode proteins with functions that would support their involvement in the biosynthesis of the 3,6-dimethylsalicylic acid moiety of MDP (Table 1 and Figure 4C ). The gene for mdpB encodes a PKS with five known domains: a ketosynthase (KS), an acyltransferase (AT), a dehydratase (DH), a ketoreductase (KR), and an acyl carrier protein (ACP). MdpB is most similar to ChlB1, an iterative type I PKS involved in 6-methylsalicylic acid production during chlorothricin biosynthesis, 43, 44 but is also similar to NcsB, responsible for the production of 2-hydroxy-5-methyl-1-napthoic acid moiety of neocarzinostatin ( Figure  5A ). 23, 45 This newly discovered family of bacterial iterative type I PKSs 46 has identical domain organization to that of Aspergillus terreus and other fungal 6-methylsalicylic acid synthases (6-MSASs) that catalyze 3 rounds of decarboxylative condensation to afford a tetraketide. 47 As a consequence of these comparisons, MdpB is proposed to catalyze the synthesis of 6-methylsalicylic acid through 3 iterations with the regiospecific ketoreduction at position 5 that is seen with 6-MSAS. MdpB1 contains an S-adenosylmethionine binding motif found in several O-, N-, and C-methyltransferases 48 and is proposed to catalyze Cmethyltransferase activity to generate 3,6-dimethylsalicylic acid. The closest homologues of MdpB1, RemG and RemH, are implicated in the unprecedented geminal bis-methylation of the aromatic polyketide resistomycin from Streptomyces resistomycificus, 49 supporting the proposed role for MdpB1. Finally, MdpB2 utilizes the free acid to generate the 3,6-dimethylsalicylyl-CoA thioester. The closest homologue of MdpB2, NcsB2, has recently been characterized as a naphthoic acid-CoA ligase supporting the proposed assignment for this enzyme. 50 (S)-3-(2-Chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic Acid Biosynthesis. Eight genes (mdpC to mdpC8 excluding mdpC5) were identified to process L-R-tyrosine to form the (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid moiety of MDP (Table 1 and Figure 4B ). MdpC through MdpC5 have closest sequence homology with enzymes involved in the biosynthesis of (S)-3-chloro-5-hydroxy--tyrosine of C-1027, with sequence identities ranging from 38% to 72%. 22 The initial step is catalyzed by MdpC4, a 4-methylideneimidazole-5-one (MIO) containing aminomutase similar to SgcC4, to generate (S)--tyrosine from L-R-tyrosine. [51] [52] [53] Loading of (S)--tyrosine to a free-standing peptidyl carrier protein (PCP) (MdpC2) is then achieved by a discrete adenylation enzyme, MdpC1, which has closest homology to the C-1027 biosynthetic homologue SgcC1 that has been recently characterized and shown to prefer (S)--tyrosine as a substrate. 54, 55 Following activation and tethering of the (S)--Tyr as the (S)--tyrosyl-S-MdpC2 intermediate, a transamination occurs to eliminate the -amino group catalyzed by the PLPdependent transaminase MdpC7, homologous to the aminotransferase BioA family involved in cofactor metabolism. 56 The 4′-hydroxyphenyl-3-ketopropionic acid, thioester-tethered to MdpC2, is next modified by a hydroxylase MdpC (similar to SgcC), 22 an O-methyltransferase MdpC6, 57 and a halogenase MdpC3 (similar to SgcC3). 58 The (S)--hydroxy functionality is subsequently formed by stereospecific reduction of the -carbonyl group, the most likely candidate for which is MdpC8, a homologue of a family of hypothetical zinc-dependent alcohol dehydrogenases with unknown function. MdpC4 and MdpC1 Enzyme Activity. The activity of MdpC4 and MdpC1 was tested to confirm the origin of the (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid moiety of MDP and to demonstrate this biosynthetic pathway mimics the assembly of the (S)-3-chloro-4,5-dihydroxy--phenylalanine moiety found in C-1027. Recombinant MdpC4 was first purified from S. liVidans, and the purified enzyme was incubated with L-R-tyrosine under the assay conditions as described for SgcC4. 51, 52 Using HPLC analysis with the free acids, a new peak appeared eluting before the substrate, and this new peak had an identical retention time to that of authentic (S)--tyrosine, which was confirmed by co-injections and comparisons using SgcC4-catalyzed reactions ( Figure 6A ). Similar to SgcC4, the MdpC4-catalyzed reaction is reversible with a 7:3 ratio of (S)--tyrosine/L-R-tyrosine observed at equilibrium ( Figure 6A ). All hypothetic R-amino acid substrates, such as L-4-methoxyphenylalanine, L-3-chlorotyrosine, and L-3-hydroxytyrosine, were not recognized by MdpC4.
Recombinant MdpC1 was partially purified from S. liVidans, and the enzyme was subjected to the same preliminary analysis as that described for SgcC1. 54, 55 Using the amino acid dependent ATP-PP i exchange assay, MdpC1 was unable to recognize L-Rtyrosine, but activity was observed when MdpC1 was incubated with (S)--tyrosine ( Figure 6B ). Similarly to SgcC1, MdpC1 was active with other -amino acid substrates including (R)--tyrosine (75%), 3-hydroxy--tyrosine (39%), and 3-chloro--tyrosine (24%). Enediyne Core Biosynthesis and Convergent Biosynthesis for the MDP Chromophore. The MDP enediyne core is assembled by an iterative type I PKS, MdpE, that has high sequence homology and identical domain organization to other known enediyne PKSs ( Figure 5B ). 22-25 Four domains are evident by sequence analysis, including a KS, AT, dehydratase (DH), and KR. Two additional domains have been proposed for the enediyne PKS family, a central ACP and a C-terminal phosphopantetheinyltransferase (PPTase) domain. MdpE is envisioned to assemble a nascent linear polyunsaturated polyketide backbone that is further modified by tailoring enzymes, including a minimum of 10 additional proteins (MdpE2 through MdpE11) (Table 1 and Figure 4D) . 24,25,46 Comparison to the C-1027 22 
, an epoxide hydrolase, and an unknown protein, respectively s are also required for processing the MDP enediyne core. Upon formation of the enediyne core intermediate, the aminosugar madurose is attached via MdpA6, a glycosyltransferase; the 3,6-dimethylsalicylic acid via MdpB3, a putative acyltransferase/esterase; and the (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid via MdpC5, a condensation enzyme, although the timing of the coupling steps is still unclear.
Heterologous Complementation Using MdpE. To circumvent the difficulty in developing a genetic system for A. madurea, heterologous complementation of the respective enediyne PKS for C-1027 production in S. globisporus and NCS production in S. neocarzinostaticus was chosen to confirm the cloning and localization of the mdp gene cluster. Enediyne PKS inactivated mutant strains for C-1027, S. globisporus SB1005 22 and NCS, S. carzinostaticus SB2002 23 have been previously constructed and chosen for cross-complementation using mdpE and its associate genes. The mdpE enediyne PKS expression vector pBS10007 was constructed in the integrative vector pSET152 29 that can be stably maintained via site specific integration into the chromosome. pBS10007, in which the expression of mdpE, together with its immediate upstream gene mdpE5 and downstream genes mdpE10 and mdpE6, is under the control of the constitutive ErmE* promoter, 29 was introduced into SB1005 and SB2002, with pBS1019 (an sgcE expression construct) and pBS2020 (an ncsE5-ncsE-ncsE10 expression construct) as positive controls, respectively.
The resulting S. globisporus SB1010 and SB1011 recombinant strains were cultured and examined for C-1027 production by HPLC analysis with the S. globisporus wild-type strain as a positive control ( Figure 7A) . Similarly, the resulting S. carzinostaticus SB5003 and SB5007 recombinant strains were cultured and examined for NCS production by HPLC analysis with the S. carzinostaticus wild-type strain as a positive control ( Figure 7B ). Production of C-1027 in SB1011 and NCS in SB5007 was restored to a detectable level, albeit to around 20% of C-1027 in SB1010 and 50% of NCS in SB5003, respectively (Figure 7) . The HPLC fraction containing the expected C-1027 chromophore and its aromatized product from the SB1011 recombinant strain was analyzed by high-resolution MALDI-MS, yielding the characteristic [ 23 In total, the data show that the cloned mdpE enediyne PKS gene can functionally cross-complement the sgcE or ncsE enediyne PKS gene for C-1027 or NCS biosynthesis in their native producer, respectively.
Discussion
The biosynthetic gene clusters for C-1027 and NCS, two prominent members of the nine-membered enediyne family, have been cloned and sequenced, and the gene products were functionally assigned based on bioinformatics analysis and biochemical studies. [22] [23] [24] [25] [26] 37, [50] [51] [52] [53] [54] [55] 58 A third nine-membered enediyne, MDP, was targeted to provide further evidence for our proposed unifying paradigm for enediyne biosynthesis and to facilitate metabolic engineering of the enediyne family for novel analogues. Despite varying degrees of structural uniqueness, all three members share a virtually identical enediyne core ( Figure  1) , and therefore the gene clusters were hypothesized to harbor genes encoding a similar enediyne PKS and associated enzymes. [22] [23] [24] [25] [26] [27] Indeed, knowledge of the shared minimal enediyne PKS gene cassettes for the previously cloned enediyne clusters was successfully employed to probe DNA libraries in order to isolate other enediyne producers as well as to locate the MDP enediyne PKS locus. 24, 25 This approach was used here as a starting point for chromosomal walking to ultimately lead to the isolation of the three overlapping cosmids covering the entire mdp gene cluster (Figure 3) . Consistent with the characterization of C-1027 22 and NCS 23 gene clusters, the biosynthesis of the MDP chromophore occurs by the assembly of individual components before convergence to form the final enediyne chromophore. As expected the biosynthesis of the aminosugar moiety begins by the conversion of glucose-1-phosphate to the nucleotide sugar diphosphate. Based on high sequence identity to SgcA1, which is involved in C-1027 deoxy aminosugar biosynthesis and has been characterized biochemically, 37 the nucleotide is proposed to be TTP. The two subsequent steps involve formation of a C6-carboxylic acid followed by oxidative decarboxylation to generate a 4-keto-pentapyranose. These two enzymatic steps are unusual for natural product biosynthesis but have been proposed and characterized for the production of lipid A that is implicated in polymyxin resistance of gram-negative bacteria such as S. typhimurium and E. coli. 39, 40 After production of the 4-ketopentapyranose, C-methylation and hydroxyl epimerization at C3 occur through an enolate intermediate, and the overall conversion has been demonstrated for the homologue TylC3 involved in tylosin biosynthesis. 59 The final step before addition to the aglycon is transamination, an enzymatic step that is commonly seen in the biosynthesis of monosaccharides in secondary metabolism.
The MDP chromophore contains two monocyclic aromatic moieties in addition to the enediyne core (Figure 2) , and subsequently the gene cluster was found to contain a second iterative type I PKS that is distinct from the MdpE enediyne PKS. Although MdpB is most similar to ChlB1, a bacterial 6-MSAS in the chlorothricin gene cluster, 43, 44 MdpB, also has sequence similarity to NcsB, which is responsible for the naphthoic acid moiety of NCS 23,45 ( Figure 5A ). However, unlike NcsB, MdpB is expected to catalyze only three rounds of decarboxylative condensation with regiospecific ketoreduction at C5 instead of five iterations and ketoreduction at C5 and C9 as proposed for NcsB. Despite this variance in chain length, MdpB has a higher identity to NcsB (48% identity/64% similarity) than the functionally equivalent fungal 6-MSAS counterpart (41% identity/56% similarity). The addition of MdpB to this rapidly growing family of bacterial iterative type I PKS, which now consists of minimally five enzymes, 43, 44, 46 should ultimately aid in deciphering the molecular details inherent in the iterative type I PKSs that control the chain length, regiospecific reduction, and hence the structure of final aromatic polyketides in bacteria.
The second monocyclic aromatic moiety of MDP is the (S)-3-(2-chloro-3-hydroxy-4-methoxyphenyl)-3-hydroxypropionic acid, the origin of which only became evident using comparative genomic analysis. The moiety originates from L-R-tyrosine, as deciphered from the discovery of homologues with >50% identity (excluding only MdpC2) to the biosynthetic enzymes involved in production of the -amino acid of C-1027. 22 The majority of the pathway to the -amino acid moiety in C-1027 has now been reconstituted using recombinant enzymes, [51] [52] [53] [54] [55] 58 and the two initial steps for MDP biosynthesis have been shown here to be identical: MdpC4 is a L-R-tyrosine aminomutase and MdpC1 is an (S)--tyrosine activating adenylation enzyme. In both cases, L-R-tyrosine is first converted to the (S)--tyrosine by a growing family of MIO-containing aminomutases using no exogenous cofactors, now consisting of four enzymes, [51] [52] [53] 60, 61 followed by activation and loading of the resultant (S)--tyrosine onto the free-standing MdpC2 PCP. While further transformations are paralleled, the halogenation and hydroxylation of the (S)--tyrosyl-S-MdpC2 intermediate differ in regiochemistry; MDP biosynthesis also requires three additional reactions: transamination, carbonyl reduction, and O-methylation. The timing of these events is currently under investigation.
The enediynes of the nine-membered family are isolated as a chomoprotein complex, and the genes encoding the apoprotein for C-1027 and NCS both reside within the boundaries for the respective gene cluster. 22, 23 Likewise, it was hypothesized the MDP apoprotein was also encoded within the gene cluster, although a functional assignment based on bioinformatics alone was inconclusive because (i) the MDP apoprotein is not homologous to either CagA or NcsA, (ii) only the relative abundance of amino acids, not the amino acid sequence of the apoprotein, is known, and (iii) previous reports identified the MDP apoprotein as having molecular weights of 22.5 kD by gel filtration, 16 32 kD by SDS-PAGE, 14 and 13 kD by mass spectrometry. 62 Of the 42 ORFs predicted to be involved in MDP biosynthesis, MdpA was the only logical candidate as the apoprotein based on (i) elimination of other ORFs from functional assignments, (ii) the prediction of a 32-amino acid leader peptide, and (iii) the lack of H, K, W, and R residues, the last of which was reported during the initial characterization of the MDP chromoprotein complex. 16 To experimentally identify the MDP apoprotein and to resolve the size ambiguities in the literature, A. madurae was fermented and the MDP chromoprotein complex was isolated. The N-terminal sequence of the resultant apoprotein was determined and confirmed to be identical to that of the predicted mature MdpA. Interestingly, while the nine-membered enediyne apoproteins all share ∼40% identity, MdpA has no similarities to proteins deposited at NCBI which includes CagA 22 and NcsA. 23 Therefore, the discovery of MdpA as the MDP apoprotein not only confirms that we have localized the mdp gene cluster but also establishes MdpA as a new type of enediyne apoprotein. Furthermore, based on ORF analysis, MdpA is translated as a 16 212 Da protein, and N-terminal sequencing revealed MdpA is processed to yield a 12 928 Da protein, which is consistent with the data obtained by mass spectrometry. 62 To further verify the identification of the mdp gene cluster, heterologous complementation was chosen to circumvent the difficulty in developing a genetic system for the MDP producer, A. madurae. We have previously shown that (i) inactivation of sgcE and ncsE afforded S. globisporus SB1005 and S. carzinostaticus SB5002 mutant strains whose ability to produce C-1027 and NCS was completely abolished and (ii) C-1027 and NCS production could be restored to the SB1005 and SB5002 mutant strains upon expression of a functional copy of sgcE and ncsE5-ncsE-ncsE10 in trans, respectively. 22,23 Upon introduction of the mdpE enediyne cassette expression plasmid pBS10007 to SB1005 or SB5002, production of C-1027 or NCS was indeed successfully restored, respectively, in the resultant recombinant strains (Figure 7) . Although yields were low, ranging from 20% for C-1027 in SB1011 and 50% for NCS in SB5007 in comparison with that found from complementation with its cognate enediyne PKS sgcE in SB1010 and ncsE5-ncsE-ncsE10 in SB5003, the results definitively demonstrated that the mdp enediyne PKS cassette can functionally crosscomplement the sgcE or ncsE mutation in their respective producer, supporting that the cloned gene cluster does indeed encode the proteins for MDP production.
Of utmost significance for our future combinatorial biosynthesis strategies, cross-complementation between mdpE and sgcE and between mdpE and sgcE is consistent with the biosynthesis of the enediyne core occurring through a common mechanism for the nine-membered enediyne family. Although this unified mechanism for enediyne core biosynthesis has been speculated previously on the basis of bioinformatics analysis, 24,25 this is for the first time now supported by experimental evidence. Finally, the ability to cross-complement the enediyne biosynthetic machinery suggests S. globisporus and S. carzinostaticus have the appropriate genetic and biochemical traits to facilitate rational genetic engineering to control the chemical features and structural diversity of the enediynes. Therefore, these organisms represent model host organisms for combinatorial biosynthesis to generate new enediyne compounds. 63
Conclusion
The gene cluster involved in the biosynthesis, resistance, regulation, and transport of the enediyne MDP was localized and cloned from A. madurea ATCC 39144 and sequenced and functionally annotated. Predictions from bioinformatics analysis were consistent with the expected enzymology with several unusual findings, including the uncovering of a second iterative type I PKS for aromatic polyketide biosynthesis and a pathway to a -hydroxy acid that mirrors -amino acid formation in C-1027, featuring a rare MIO-containing aminomutase and a set of discrete adenylation, PCP, and condensation enzymes for -amino or -hydroxy acid activation and subsequent incorporation into natural products. In a process similar to that for the other enediynes, the MDP chromophore is formed from the convergence of four building blocks: (i) the enediyne core, (ii) a 3,6-dimethylsalicylyl-CoA, (iii) an aminosugar, and (iv) a halogenated -phenyl--hydroxy propionic acid. Cross-complementation of the sgcE or ncsE enediyne PKS mutants by the mdpE enediyne PKS cassette provided convincing evidence that the MDP gene cluster was identified and also supported a unifying paradigm for nine-membered enediyne core biosynthesis. By establishing the biosynthetic machinery for three individual enediyne gene clusters (i.e., C-1027, MDP, and NCS), comparative genetics should undoubtedly facilitate combinatorial biosynthesis for the discovery of new enediynes. Finally, the MDP apoprotein, MdpA, was identified by isolation of the MDP chromoprotein complex and N-terminal sequencing of the purified apoprotein. MdpA, like the other apoproteins for the nine-membered enediyne chromoproteins, is located within the biosynthetic gene cluster. In contrast, however, MdpA represents a new type of apoprotein with no sequence homology to other known proteins, providing new opportunities to explore apoprotein and enediyne chromophore interaction, enediyne chromophore stabilization, and chromoprotein activation.
